Recurrence Quantification Analysis (RQA) is a non-linear time series analysis technique widely employed in many different research fields. Among the many applications of this method, it has been shown that it can be successfully employed in the detection of small signals embedded into noise. In this work we explore the possibility of using the RQA in astronomical high contrast imaging, for the detection of faint objects nearby bright sources in very high frame rate (1 KHz) data series. For this purpose, we used a real 1 kHz image sequence of a bright star, acquired with the SHARK-VIS forerunner at LBT. Our results show excellent performances in terms of detection contrasts even with a very short data sequence (a few seconds). The use of RQA in astronomical high contrast imaging is discussed in light of the possible science applications and with respect to other techniques like, for example, the angular differential imaging (ADI) or the Speckle-Free ADI (SFADI).
INTRODUCTION
The major limitation to the achievement of high contrast in astronomical imaging is represented by residual optical imperfections and residual AO aberrations.
1-4
To overcome these limitations and increase the detectability of faint sources, a number of post-facto techniques have been proposed so far. Among the many, we recall the angular differential imaging (ADI), the locally optimized combination of images (LOCI), and the principal component analysis (PCA).
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These techniques are based on the estimation and subtraction of the PSF and its quasi-static aberrations from the data. In this case, PSF and faint sources are decoupled by exploiting field rotation. In addition, an extension of the ADI technique, called speckle-free ADI (SFADI), in which residual speckles are identified and numerically masked out in short-exposure images before the same are piled up like in the ADI technique was proposed. 9 This is possible if the exposure time of the images is short enough to freeze the atmospheric evolution (i.e. a few ms). The detection of faint sources in a long temporal sequence (thousands of images) of short exposure images can be regarded as the detection of a small signal (i.e. the time series of the photons owning to the faint source in a particular pixel embedded into noise). In this regard, we note that the availability of a long time series of data acquired with a high frame rate may provide additional temporal information useful for the identification of faint signals. This temporal information, which would be lost for integration times longer than the atmospheric timescales, can be exploited to operate a statistical discrimination of the photons of the source from noise. In this regard, 10 have shown that the statistics of the intensity fluctuations in a pixel occupied by a faint source is altered by the source itself, and this imparts a change in the statistics that can be used for its identification. There is no doubt that the success of such approaches depends on the sampling rate (i.e. acquisition cadence) and length of the data series. Over the last years, the recurrence quantification analysis (RQA), a non-linear time series analysis technique, was successfully employed in the detection of small signals in noisy environments.
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This technique is based on the quantification of the recurrent states of a system in the phase space. The recurrence states, which are a general properties of dynamical systems, allow the measure of different complexity indicators, [17] [18] [19] [20] thus allowing a statistical discrimination of the signal from the source from noise. In this work we test RQA in astronomical high contrast imaging and present preliminary results obtained on a sequence of fast cadence (1 kHz) images acquired by the SHARK-VIS forerunner at visible wavelengths. SHARK-VIS is the forthcoming high contrast imager operating at visible wavelengths that will see the first light in 2019 at LBT.
DATA SET
The data set used in this work is a series of 1 ms exposure images of the star Gliese 777 (1 ms cadence), acquired with the SHARK-VIS forerunner experiment 21 at the Large Binocular Telescope (LBT) in June, 2015 (see left panel of Fig. 1 ). The experimental setup was composed by only two optical elements before the detector: one divergent lens to get a super sampling of the PSF (point spread function) and a 40 nm FWHM filter centered at 630 nm. The pixel scale was 3.83 mas and the camera employed was a Zyla sCMOS camera by Andor Inc * . The total duration of the data series is 20 min (or equivalently 1 200 000 images), although here we only make use of a subsample of 2000 images (2 s). During the frame acquisition, the LBT AO system 22 was correcting 500 modes in closed loop, and seeing was in the range 0.9 − 1.2 arcsec. The fast exposure time adopted for the observations allows us to freeze the evolution of atmospheric speckles and to easily recover the residual jitter in the focal plane. For additional details we refer the reader to 21 and. 23 We remark that the forerunner experiment is a pathfinder of the SHARK-VIS high-contrast imager, now approved and at the time of writing in its construction phase. The data calibration process consisted in the dark frame subtraction and image registration. In the left panel of 
METHODS
Recurrence states, arte a general property of dynamical systems and are regions of the phase space visited recurrently. 15, 24 They provide a unique characterization of the system, and from their properties it is possible to infer many complexity indicators that quantify the dynamics itself. For example, random processes, in contrast to deterministic ones, have the tendency to maximize the explored volume of the phase space and usually lack recurrent structures. In order to study the recurrences of a dynamical system, a specific diagram called recurrence plot (RP), 25 was introduced. The starting point of this procedure is the phase space representation of the time series under investigation (the time series of the intensity fluctuations in a pixel in our case). This is generally referred to as the embedding procedure and, in our case, it is obtained through the time-delay technique. 26 In this case, the vectors that constitute the phase space representation of the system are constructed from time delayed measurements of the scalar time series. There are two time delay parameters; m, which is is the embedding dimension, and τ the chosen time delay. The RP is a time-time plot in which each point (i,j) is shaded according to the distance between the points X i and X j on the trajectory in the phase space. The closeness of the states of the system at different times (recurrences) determines specific features of the RP, such as clusters of points, which provide information on the nature of the investigated dynamical system. In the phase space we can set a threshold that defines a distance within which two states can be considered recurrent. This corresponds to a neighborhood radius in the phase space (see Fig. 2 ). In figure 2 we show the RP derived from the time series of the intensity fluctuations measured at the peak of the PSF of the central object and with an embedding m = 3 and τ = 10 ms. The convention adopted is such that a recurrent state in the phase space is marked by a black dot in the RPs. The threshold is chosen on the basis of the specific application. In our case we selected a threshold equal to 1 and this value comes from tests aimed at the optimization of the final contrast. The RP show a number of features that can be summarized as follows:
• diagonal lines: evolution of states is similar at different times, typical of deterministic systems;
• vertical lines: the system evolves slowly, typical of laminar systems; i.' i !
• disruptions: change in the dynamics, typical of dynamical transitions.
The structure of the recurrence points in a RP can therefore be exploited to investigate the dynamical system and represents a unique signature from which one can infer important information about its inner nature. RQA 16, 17, 20, 26, 27 is the statistical quantification of the recurrences in a RP, that is the distribution of points aligned in the vertical (laminarity; LAM) of diagonal (determinism; DET) direction, and the overall density of the recurrent points (RR). Although many other complexity indicators can be inferred, here we restrict our attention to the density of recurrent states RR, the determinism DET, and the laminarity LAM. We investigate the time series of intensity fluctuations at each pixel in the FoV, with the aim of highlighting possible changes in the RQA parameters that can be ascribed to the presence of a faint source. In order to compare the RQA measures at different locations we normalized the time series of intensity fluctuations by their standard deviation before performing the analysis. This is a good practice when comparing different statistical processes.
14 For this purpose we used the command-line recurrence plots code, which is part of the TOCSY (Toolboxes for Complex Systems) toolbox † . For more information about the algorithms and methods employed in the toolbox (time-delay embedding, generation of RPs, and RQA application) we refer the reader to. 20 To estimate the performances of this technique in the detection of faint astronomical objects embedded into noise, we injected synthetic sources into the real images, by rescaling the PSF of the central object and adding photon noise with a Poisson statistics, as already done in 8 and later by 21 and 28 on the same data set. The white arrows in Fig. 1 (left panel) indicate the positions of the injected sources. In particular, the planets on the left-hand side of the central object are injected with a contrast ratio of 10 −3 , while those on the right-hand side have a contrast of 5 × 10 −4 . We restricted our analysis to the region marked by dashed-dot lines in the right panel of Fig. 1 . 
RESULTS
In Fig. 3 , we show the maps of the estimated RQA parameters RR, DET, and LAM, obtained by applying the technique to a portion of the data sequence as short as 1000 images, or equivalently 1 s. Here we used the embedding parameters τ = 10 ms and m = 1. The time delay parameter is chosen on the basis of the results of the mutual information analysis in, 23 where it is shown that the de-correlation time of the speckles in the same data set is on average 10 ms. The choice of the m comes from the optimization of the final contrast of the maps (not shown here). Both sets of injected faint sources with 10 −3 and 5 × 10 −4 contrasts, respectively, are detected in all maps of Fig.  3 , despite the short duration of the data series used (only 2 s), with the only exception of the sources located at 50 mas from the central object, which are only seen in LAM and DET maps for a contrast of 10 −3 . This means that the RQA identifies a change of the underlying dynamics of the process at the pixel locations † The command-line recurrence plots code is freely available at the following link: http://tocsy.pik-potsdam.de/ where there is a superposition of two statistical processes; namely the time series of the photons of the faint source, and the speckle noise.
DISCUSSIONS AND CONCLUSIONS
In this work we have explored the possibility of using the RQA for the detection of faint sources in astronomical images. Indeed, RQA was already applied, on other fields of research, for the detection of weak signals embedded into noisy environments. 11, 14 The main idea behind is to use RQA as a statistical discriminator and distinguish the weak intensity fluctuations associated to the planets photons from noise. Our preliminary results demonstrate that the RQA parameters RR, DET, and LAM all identify the faint sources. The detection contrast achieved is 5 × 10 −4 in a sequence of images as short as 2 s. This value is very close to the estimated photon noise (2 × 10 −4 ) for a 2 s integration time. We note here that achieving a detection contrast of the order of 5 × 10 −4 by only making use of a sequence of images as short as 2 s makes RQA an independent method, with respect for instance to ADI, SFI, or SFADI, that can be exploited for an independent confirmation of the presence of a specific faint source in the images. Very often, indeed, ADI-like techniques result in a detection map affected by several artifacts. An independent technique based upon a statistical discrimination of the signal of a faint source can be of some help for the confirmation of the detection results. Moreover, we remark that RQA, in contrast with other techniques, does not require field rotation and therefore can be applied in other contexts or whenever the field rotation itself is not enough for an accurate estimation of the PSF.
